Addition of vanadate to spores of Dictyostelium discoideum engaged in the process of autoactivation resulted in an inhibition of germination which was dependent on the time of addition of the compound. If vanadate was added directly after the washing of dormant spores, then few spores swelled or released myxamoebae. Autoactivator was not secreted from vanadate-inhibited spores. Addition of vanadate to spores that had begun to autoactivate in moist fruiting bodies did not completely inhibit germination. Spores blocked from autoactivation by vanadate responded to the presence of exogenous autoactivator by germinating, but the resulting myxamoebae contained prominent vesicles. Heat shock also overcame vanadate-induced inhibition. This inhibition of autoactivation by vanadate is similar to that imposed on spores by the natural autoinhibitor: thus (1) both compounds block the initiation of the autoactivation cascade and spores do not swell; (2) autoactivator does not transiently accumulate in the culture broths under these conditions; and (3) addition of exogenous autoactivator overrides the inhibition caused by these two compounds. It is hypothesized that vanadate blocks the synthesislsecretion of autoactivator by interfering with an early step in the membrane traffic involved in spore autophagy. Exogenous autoactivator appeared in the supernatants when autoactivating spores swelled but decreased just after the appearance of nascent myxamoebae. It was shown that the autoactivator is not CAMP or cGMP and that it is stable to treatment with beef heart cyclic nucleotide phosphodiesterase. Nevertheless, myxamoebae from autoactivating spores precociously began aggregation within 30 min of plating on non-nutrient agar.
Introduction
Spores of Dictyostelium discoideum normally remain dormant in the sori of fruiting bodies because of the presence of a specific autoinhibitor, discadenine (Abe et al., 1976) , and an osmotic pressure gradient generated by extracellular materials (Snyder & Ceccarini, 1966 ; Ceccarini & Cohen, 1967; Cotter & Raper, 1968; Cotter, 1977) . When the relative humidity approaches saturation, the sori absorb moisture and the autoinhibitor is diluted allowing aged wild-type spores to germinate by the process of autoactivation. Mutants have been isolated which do not require ageing to gain the ability to autoactivate (Cotter & Dahlberg, 1977; Dahlberg & Cotter, 1978) .
W ild-type and mutant spores utilize endogenous energy reserves such as trehalose and lipids during spore germination (Jackson et al., 1982) . Ultrastructural and biochemical studies indicate that spore germination also t Permanent address : Department of Biological Sciences, University of Windsor, Windsor, Ontario N9B 3P4, Canada. involves membrane turnover, autophagy and secretion of newly synthesized lysosomal enzymes such as trehalase (Cotter et al., 1969; Klein et al., 1988) .
The autoactivation of a spore population above lo7 ml-* is initiated by a small number of spores which spontaneously swells after dilution of the autoinhibitor. During the swelling stage of germination, the initiating spores secrete a low-molecular-mass autoactivator into the medium. Surrounding spores respond to the presence of the autoactivator by swelling and secreting additional autoactivator into the medium resulting in an autocatalytic relay which lasts until the entire population is involved, The autoactivation process does not occur when spores are incubated at concentrations of lo6 ml-l or less, but germination will occur if autoactivator is added to such dilute spore suspensions (Cotter & Dahlberg, 1977; Dahlberg & Cotter, 1978) .
The present study was begun to determine the possible role of membrane traffic in the autoactivation phenomenon. Vanadate reversibly blocks endocytosis and exocytosis, growth and multicellular development in D . A . Cotter, M . Satre and G . Kfein D. discoideum; it is hypothesized that vanadate inhibits the fusion of endosomes with lysosomes, thereby disrupting membrane traffic flow in the above processes. A stage in the life cycle of Dictyosteliurn resistant to vanadate is spore germination induced by heat shock (Klein et af., 1989) . The data reported here demonstrate that the spore autoactivation cascade is sensitive to inhibition by vanadate and suggest that membrane traffic flow is an integral part of the phenomenon.
Methods
Culture conditions. Dictvostelium discoideum wild-type strain NC-4H (ATCC 28245) and germination mutants SG I (ATCC 44840) and SG2 (ATCC 44841) were grown on Petri dishes in association with bacteria at 22 I "C in the dark. Petri dishes containing 10 ml of glucose/salts agar were streaked by inoculating loop with a mixture of spores and Escherichia coli B/r (Cotter & Raper, 1968) ; to enhance the moisture level in fruiting bodies, Petri dishes containing 25 ml of SM agar were spread with a 0.5 ml aqueous mixture of spores and Klebsiella uerogenes (Sussman, 1966) . Mature spores normally obtained after 2-3 d for strains SG 1 and SG2 or 10-14 d for strain NC-4H were harvested by shaving the spore heads with the edge of glass slides, suspended in 10 mM-MES/KOH buffer, pH 6.5, and centrifuged at 1200g for 4 min at 22-23 "C. Spores were washed twice with 10 mM-MES/KOH buffer. pH 6.5 to remove any remaining autoinhibitor (Cotter & Raper, 1968) .
Vanadate dutions. Stock solutions (100 mM) of sodium metavanadate (Prolabo) were diluted to mixtures containing 1 mM-and 5 mMvanadate when required. To maintain an osmotic pressure approximately equivalent to that of a 10 mM-MES/KOH solution the I mM-and Wild-type spores (strain NC-4H), 2-weeks-old, were washed and suspended at a final concentration of 10' ml-' in 10 mM-MES/KOH buffer alone and in the presence of 1 or 5 mhl-vanadate. After 7 h incubation, a portion of the spore preparation inhibited by 5 mM-vanadate was subjected to a heat shock at 45 "C for 30 min (arrow). The heated spore preparation was then incubated at 23 "C for 6 h along with the remaining unheated vanadate-treated spores. The extent of germination is shown by plotting the percentage of swollen spores plus the percentage of emerged myxamoebae as a function of time. 0, IOmM-MES/KOH buffer; V, 9 mM-MES/KOH buffer plus 1 mM-vanadate; A, 5 mM-MES/KOH buffer plus 5 mM-vanadate; 0, spores suspended in 5 mMMESjKOH buffer plus 5 mM-vanadate for 7 h, heat-shocked at 45 "C for 30min and further incubated in the same medium.
5 mM-vanadate solutions were supplemented with 9 mM-and 5 mM-MES/KOH buffer, respectively Germination conditions. Spores were suspended at lo7 ml-' in MES/KOH buffer without vanadate and were incubated in 5 ml quantities at 22-24 "C for 6-8 h. The fraction of the spore population which was swollen and which consisted of emerged myxamoebae was monitored with a Zeiss phase microscope at a magnification of 400 x . Occasionally, spores were heat-activated by incubation at 45 "C for 30 min before being returned to 22-24 "C (Cotter & Raper, 1968) .
Production qfautoactitrator and measurement oj'its potency. At various times during the incubation of spores at IO' ml-' samples were removed from the flasks and filtered through 0-45 pm Millex-HA (Millipore) filters. The filtrates (supernatants) were tested for autoactivator potency by being diluted 1 : I with MES/KOH buffer containing D. discoideum spores of the tester strain SG2 at 2 x lo6 ml-' (Dahlberg & Cotter, 1978) . Under these conditions, endogenous autoactivation is at a minimum and the presence of exogenous autoactivator results in a stimulation of spore swelling which begins within 1-2 h. The respective percentages of spore swelling and of emerged myxamoebae were determined as a function of time . Usually a total of 200 spores and myxamoebae were scored. Each experiment was repeated three or more times and the mean data are presented. Autoactivator-containing supernatants were shown to be stable to freezing and thawing.
Results and Discussion

Inhibition of' autoactiuated spore germination b,v tianadate
The process of autoactivation in D . discoideum is environmentally regulated by temperature, oxygen tension, pH and osmotic pressure. The relative humidity at which spores are produced and stored may increase or decrease the lag before spontaneous germination occurs in simple buffers .
Aged wild-type spores of D . discoideum strain NC-4H germinated spontaneously in 10 mM-MES/KOH buffer when washed and incubated at a concentration of lo7 ml-I (Fig. 1) . Vanadate at concentrations between 1 and 5 mM completely blocked the process of spontaneous germination (autoactivation) of these wild-type spores (Fig. 1) . Young spores of mutant strain SGl showed a similar behaviour except that they were partially resistant to 5 mhl-vanadate because they began autoactivation in fruiting bodies produced on glucose/salts agar (Fig. 2) . The final percentage germination in the presence of 5 mM-vanadate approached 20% after 8 h incubation. When spores of strain SG 1 were produced on plates of SM agar at saturating relative humidities, germination in the presence of 5 mwvanadate reached 30%. Similarly, young spores of mutant strain SG2 were sensitive to vanadate if produced on glucose/salts agar (Fig. 3B ) but were slightly resistant to vanadate when produced on thick, moist plates of SM agar (data not shown) .
If spores of SG 1 were aged for longer than 2 d, a larger fraction of the spores germinated in the fruiting bodies and a correspondingly larger fraction of the ungerminated spores was resistant to inhibition by vanadate (data not shown). It should be noted that upon removal of the autoinhibitor, strains NC-4H and SG2 have longer lag periods than strain SG 1 before they initiate autoactivation (Figs 1, 2 and 3 ). This inherent difference in the strains also contributes to the ease with which autoactivation of strains NC-4H and SG2 is blocked by vanadate. It is likely that the humidity effects are mediated through dilution of the autoinhibitor which allows spores in fruiting bodies to partially initiate the autoactivation process .
Eject of heat activation on vanadate inhibition
The inhibition of spore germination by 5 mhl-vanadate was relieved when spores were heat-activated at 45 "C for 30 min (Fig. 1) . This indicates that vanadate does not interfere with autoactivation by a general metabolic effect; it is known that heat-induced spore germination is a highly aerobic process (Kobilinsky & Beattie, 1977; Cotter, 198 1 ; Klein et al., 1988) . Previously, vanadate was shown to have no effect when added to spores during or after heat treatment (Klein et al., 1988) . Thus, vanadate selectively blocks spore germination initiated by the process of autoactivation, but not by thermal activation.
E#ect of vanadate on secretion of autoactivator and response to added autoacticator
Spores of strain NC-4H incubated in the presence of 5 mM-vanadate for 7 h did not germinate when diluted (1 : 1) with 10 mM-MES/KOH buffer. However, at least 70% germination occurred when half-strength autoactivator was added to vanadate-inhi bited spores. Therefore, the first events in the autoactivation sequence (production and/or secretion of autoactivator) must be sensitive to vanadate, but the later stages in the overall process of autoactivation (reception of signal) are not inhibited by vanadate. In agreement with these ideas no autoactivator was detected in supernatants from spores which were incubated for 7 h in 1.0, 2.5 or 5.0 mMvanadate.
During these experiments it became clear that the accumulation of autoactivator was transient in control experiments. When autoactivation experiments were extended the peak of autoactivator activity occurred just after the time of maximal spore swelling, and then the activity declined as myxamoebae emerged from control swollen spores (Fig. 3) . All three strains used in this study demonstrated this transient accumulation of autoactivator as shown for strains SG 1 and SG2 in Fig. 3 . Similarly, in the case of autoactivation of wild-type strain NC-4H, the 70-80 % stimulation of germination by supernatants from cultures incubated for 7-8 h declined to zero after 10 h. D . A . Cotter, M . Satre and G . Klein   Fig. 4 . Effects of vanadate on the morphology and aggregation capacity of nascent myxamoebae. Spores of strain SG2 (lo7 ml-') supplemented with exogenous autoactivator were incubated with and without 5 mM-vanadate for 5 h at 22-24 "C. Samples of the germinated myxamoebae were photographed on microscope slides. A, vanadate-treated cells; B, control cells; scale bars, 10 pm. The remaining germinated myxamoebae were centrifuged at 1200 g for 3 min and the cells resuspended in 10 mM-MES/KOH buffer; after a second centrifugation the myxamoebae were resuspended at lo7 ml-I and 1 pl drops were placed on Petri dishes containing Difco purified agar (1.5%, w/v, in 4 ml 10 mM-MES/KOH buffer). Photographs were taken after 1 h at 24 "C. C, vanadate-treated cells; D, control cells; scale bars, 0.2 mm.
Aggregation of nascent myxamoebae
The myxamoebae which emerged during autoactivatorstimulated germination differed in morphology depending on the presence or absence of vanadate. When 5 mMvanadate was present the usually individual myxamoebae were somewhat rounded as observed previously with axenically grown myxamoebae (Klein et al., 1989) , and they contained prominent vacuoles indicating that vanadate prevented normal vesicle cycling (Fig. 4A) . In the absence of vanadate the emerged myxamoebae tended to clump extensively and it was difficult to distinguish individual cells (Fig. 4B) .
The 'tight' clumping prompted us to examine the aggregation capacity of the myxamoebae using a modification of the microdrop technique of Konijn & Raper (1961) . It was surprising that myxamoebae from autoactivated spores were capable of initiating aggregation within 30-45 min of being plated (Fig. 4D) . Autoactivation in the presence of vanadate resulted in myxamoebae which required several hours before the initiation of aggregation was observable (Fig. 4C) .
The transient accumulation of autoactivator in supernatants of germinating spores and the rapid aggregation of the resulting myxamoebae is reminiscent of the CAMP-regulated aggregation stage in the life cycle of the organism (Raper, 1984) . However, addition of CAMP, cG MP, 8-(4-c hloropheny1thio)-cA MP, and 8-bromocGMP (each at a concentration of 1 mM) to vanadateinhibited spores was not stimulatory under conditions in which half-strength autoactivator resulted in more than 80 % germination. Moreover, beef heart phosphodiesterase (10 pg ml-l) did not degrade the autoactivator (Table  1) . Under other conditions in which spore autoactivation was not inhibited, the presence of high concentrations of cyclic nucleotides or phosphodiesterase neither increased nor decreased the rate of germination (data not shown) .
It has been reported that cAMP under stringent conditions weakly antagonizes the effect of the autoinhibitor on peptone-stimulated spore germination (Katilus & Ceccarini, 1975) . This weak effect is further evidence that cAMP is not the autoactivator since the autoactivator would be very active under these same conditions (Cotter & Dahlberg, 1977; . The phosphodiesterase (PDE) was denatured, when appropriate, by incubation in a boiling water-bath for 10 min. The autoactivator solutions were preincubated at 23 "C for 30 min with beef heart phosphodiesterase (10 pg ml-I) either active or denatured before addition of tester strain SG2 spores at a final concentration of lo6 ml-I. Incubation was continued at 23 "C for 5 h before scoring germination.
Condition
Germination (%) Autoinhi bitor, cycloheximide and vanadate are alike in preventing the initiation of autoactivation; i.e. spores do not swell and do not secrete autoactivator if there is no delay before the addition of the above agents to washed dormant spores . Furthermore, all three agents can be overcome if inhibited spores are treated with exogenous autoactivator. When spores are heat-shocked in the presence of either vanadate or autoinhibitor the spores swell and release myxamoebae ( Fig. 1; Cotter & Raper, 1968; Klein et al., 1988) . In contrast, spores which are heat-shocked and germinated in the presence of cycloheximide swell normally but do not release myxamoebae (Cotter & Raper, 1968) . Thus, vanadate does not appear to act on spore germination as an inhibitor of protein synthesis like cycloheximide.
Ultrastructural and biochemical studies indicate that autophagy with its accompanying membrane turnover is an important part of the early process of spore germination (Cotter et al., 1969; Klein et al., 1988) . The fact that membrane traffic flow is specifically blocked in other stages of the D . discoideum life cycle by vanadate (Klein et al., 1989) , and that prominent vacuoles were detected in myxamoebae from spores activated with exogenous autoactivator plus vanadate, is consistent with our present hypothesis that vanadate prevents membrane traffic flow required for the initiation of the autoactivation process. Vanadate is similar, therefore, to the autoinhibitor in blocking a very early step in the overall autoactivation process. The target for vanadate could be among the proteins involved specifically in the synthesis/secretion of the autoactivator, since it has already been suggested that heat shock uncouples spore germination from autoactivation control by denaturing a number of protein complexes involved in both the synthesis/secretion of the autoactivator and its reception by spores .
